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Printing of nanostructured films with tailored oxidation state and electronic structure can have far
reaching applications in several areas including printable electronics, optoelectronics, solar cells,
catalytic conversion, and others. Widely used inkjet/aerosol/screen printing techniques require
pre- and postprocessing for enhanced adhesion and tailoring of the chemical state of the thin film.
Herein, we demonstrate atmospheric pressure plasma jet printing with unique capability to print and
tune in situ the electronic properties and surface morphology of nanomaterials. Plasma printing of
copper thin films with tailored oxidation state from an inexpensive copper oxide precursor is dem-
onstrated and characterized using x-ray absorption spectroscopy, Raman spectroscopy, and electrical
measurements. Published by the AVS. https://doi.org/10.1116/1.5087255
I. INTRODUCTION
There has been an increased interest recently in fabricating
electronic devices on flexible substrates including plastics,
cellulose, textiles, and metal foils. Printing of electronic/
optoelectronic devices using colloids faces numerous chal-
lenges with the major issue being oxidation of the material to
be printed, leading to decreased mobility of the charge carriers.
Copper has been of interest for various applications due to its
high thermal and electrical conductivity. Nanostructured copper
with varying oxidation states from pure metallic to cuprous
oxide finds applications in printed electronics, optoelectronics,
and catalysis.1–3 Interconnects in integrated circuits (IC) play a
crucial role in deciding the system performance and speed.
Printing copper interconnects with controlled morphology, and
oxidation state is critical in 3D IC packaging, flexible printed
circuit boards, and vertical integration. Oxide-derived copper
with nanocrystalline surface shows promising catalytic activity
and selectivity compared to metallic copper in electroreduction
of CO2 and CO, reflecting the general trend that nanostructured
materials with high surface area and porosity have higher con-
version efficiencies.4,5 Printing of porous metal structures is
important in catalysis and they are routinely deposited on poly-
meric templates and postprocessed to remove polymers for
achieving the porous structure, which makes high throughput
processing a challenge.
Various printing techniques including inkjet, aerosol jet,
and screen printing are currently being explored for printed
electronics. The routine postprocessing needed to eliminate the
solvent and contaminants and the annealing needed to obtain
the desired morphology limit the use of low glass transition
temperature plastics and add additional processing steps.6,7
Screen printing is the most widely used process for planar
objects; however, the disadvantages include limited resolution,
abundance of organic contaminants, and the need for postprint
thermal treatment.8,9 Thermal spray and laser induced sintering
are widely used industrial techniques in various other con-
texts10 but do not provide the capability to tailor the oxidation
state of the printed material as an in situ process. High oxygen
concentration, high porosity, and difficulty in controlling the
microstructure are serious disadvantages of the thermal spray
process. Thus, the above printing technologies lack the capabil-
ity to simultaneously control the microstructure, morphology,
and electronic structure of the printed material. Hence, there is
a need for an advanced printing technology that can print
materials on a range of substrates including semiconductor
wafers, textile, paper, plastics, and other flexible substrates.
The plasma jet deposition technique presented here offers
unique capability to deposit metals and metal oxides with tai-
lored physical and chemical characteristics. Herein, we show
printing of copper from an inexpensive precursor such as
copper oxide through in situ reduction using hydrogen plasma.
Oxidation state and morphology of printed patterns play a
crucial role in any device performance regardless of antenna,
interconnect, or battery electrode, as mentioned earlier. Laser
sintering and/or annealing is typically used to tailor these
characteristics. State of the art printing technologies rely
heavily on preprocessing of the ink like capping with polyvi-
nyl pyrrolidone and/or addition of stabilizers. Also, postpro-
cessing becomes challenging if multilayered materials are to
be printed. The objective of this paper is to demonstrate a
direct write “dry” printing that does not require postprocessing
and also provide proof of concept studies to show that the
atmospheric pressure plasma jet can be used to tailor the oxi-
dation state and morphology in situ, thereby avoiding both ink
preprocessing and postprocessing of the printed pattern.
II. EXPERIMENTALWORK
We used a dielectric barrier discharge plasma jet system,
where the plasma is ignited by applying a potential between
two electrodes with an inert gas passing through a quartz
nozzle11,12 [Fig. 1(a)]. Helium or argon was used at a flow
rate of 2000 sccm (99.998% purity) and mixed at the nozzlea)A. Dey and A. Lopez contributed equally to this work.
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with nitrogen (200 sccm) in some cases or hydrogen
(25 sccm) for reduction purposes. The plasma is the most
intense between the electrodes (active region) followed by
the afterglow at the exit of the nozzle.11,12 Commercially
available nozzles used here include Meinhard type C Quartz
nebulizer with 0.5 mm capillary (inner diameter) and 5 mm
inner diameter Pyrex Sheath Gas Tube (product id:
ML116063). The nozzles were designed with two inlets. The
inner capillary was used to inject the nanoparticles while the
carrier gas was introduced via the outer inlet. Copper tapes
wrapped around the glass nozzle act as electrodes (3 cm apart)
with one electrode grounded and another connected to a
PVM400 model high-voltage AC power supply (Information
Unlimited, Amherst, NH) in the range of 1–20 kV and 20–
60 kHz frequency. Scaling down the quartz nozzle allows a
resolution of 120 μm, and achieving sub-100 μm resolution is
possible with smaller nozzles and precise control.
Copper oxide (CuO, Sigma Aldrich) nanoparticles (∼50 nm
diameter) dispersed in deionized water were used in the print-
ing efforts. The distance between the tip and the substrate influ-
ences the film properties such as morphology and uniformity.
Here, the tip was kept at a distance of 1 cm from the substrate,
which was optimized to get the best results. The microstructure
and morphology of the printed samples were studied using
Hitachi (Pleasanton, CA) S-4800 field-emission scanning elec-
tron microscope (SEM) and Vega 3 Tescan scanning electron
microscope at an operating voltage of 10 kV. Current–voltage
measurements were carried out with Hewlett-Packard 4155A
Semiconductor Parameter Analyzer with a voltage sweep from
−10mV to 10mV. The potential was applied across two points
separated by 5mm on the substrate for these measurements.
X-ray absorption spectroscopy (XAS), also referred to as
near-edge x-ray absorption fine-structure (NEXAFS) spectro-
scopy, was performed to understand the surface electronic
properties of the printed copper film. Here, a tunable mono-
chromatic source of x-rays with high degree of polarization
was used to excite core electrons into unoccupied bound states
or continuum states. Cu L-edge and O K-edge NEXAFS mea-
surements were performed at Beamline 8–2 of the Stanford
Synchrotron Radiation Lightsource (SSRL), at SLAC National
Accelerator Laboratory. For normalization, the incoming flux
(I0) was measured using a gold grid placed in the beam path
upstream of the chamber. All samples were mounted on an
aluminum stick using a conductive carbon tape and measured
under ultrahigh vacuum conditions (<10−6Pa). The drain
current from the isolated aluminum stick was used for total
electron yield and all measurements were performed at the
magic angle of <55° to avoid any potential angular effects.
Beamline slits were set to achieve an energy resolution below
0.2 eV (O K-edge) and 0.4 eV (Cu L-edge), respectively. All
spectra were first normalized to the incident flux and then sub-
tracted by a linear background, followed by normalization
above the edge (atomic normalization).
III. RESULTS AND DISCUSSION
One prominent feature deciding the electron density and
temperature of the plasma is the nature of gas used to gener-
ate the discharge.13 The substrate temperature during printing
is as low as 35 °C for helium and 50 °C for argon depending
on the gas flow rate and applied voltage. The measured sub-
strate temperature for other gas combinations varied from
70 °C to 160 °C in our experiments with maximum tempera-
ture observed in the presence of hydrogen. The electron den-
sities (not measured here) in argon and helium are known to
be different.13 The argon plasma has higher electron density
than the helium plasma for the same process parameters by
about 2.5 times at atmospheric pressure.14 Thermal conduc-
tivity of the gases also varies (1.6 × 10−3 J cm−1 s−1K−1 for
He and 1.8 × 10−4 J cm−1 s−1K−1 for Ar at 300 K) and as a
result, the energy of the plasma varies depending on the
nature and type of gases used to generate the discharge. The
higher excitation potential of the first excited state for helium
(24.5 eV) with respect to that of argon (15.7 eV) results in a
much higher electron temperature for helium.15 However, the
gas temperature for argon is higher with respect to helium at
the same applied voltage,16 which is also reflected in the
measured substrate temperatures. Most (85%) of the applied
energy is lost as heat at the cathode due to Joule heating
during plasma generation. Helium is a better heat conductor
than Ar; as the gas flow rate increases, the cooling effect
becomes more significant, causing the bulk gas temperature
to drop significantly for helium. Hence, argon has a higher
gas temperature. Introduction of nitrogen and hydrogen with
the carrier gas leads to the formation of highly reactive nitro-
gen and hydrogen species in the plasma.13 The presence of
high-energy metastable states makes it easier to ignite the
combination with He.17 Interaction of these highly active
excited species from the plasma with the nanoparticles can
potentially alter their chemical and electronic states as well.
The momentum of the particles reaching the substrate to
form the coating varies depending on various factors includ-
ing the gas flow rate, nature and the type of gases, applied
voltage, size and shape of the nozzle, and the distance
between the substrate and the plasma jet. One known major
FIG. 1. Photographs of (a) plasma jet printing head, and printing of copper
from copper oxide ink on (b) PET and (d) polyimide, and (c) printing of
(unreduced) copper oxide using just helium plasma on nanocellulose paper.
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issue with common inkjet printing process is matching the
surface energy of the substrate and the surface tension of the
ink leading to a well-known coffee ring effect.18 Plasmas
have often been used to increase the surface energy of sub-
strates which can induce better adhesion of the printed mate-
rial.19 A recent study by Wang et al. revealed that He plasma
enhances the hydrophilicity on a PMMA substrate.20 Thus,
based on the above evidences, the surface energy of the sub-
strate in our system is expected to be adjusted intrinsically,
resulting in better adhesion of the printed nanoparticles with
the substrate.
Copper was printed on a range of substrates such as poly-
ethylene terephthalate (PET), polyimide, and glass from
copper oxide ink (see Fig. 1). Figure 2 shows SEM images
of nanoparticle films printed from copper oxide ink using
different plasma conditions on silicon [Figs. 2(a)–2(e)] and
aluminum substrates [Fig. 2(f )]. We rastered (X-Y stage) the
jet over the substrate (1 cm by 1 cm) to achieve a film cover-
ing the entire substrate and have taken the images at the
center of the substrate. Nanoparticles with the aid of the He
plasma retain their shape and do not undergo any physical
deformation to a significant extent, as evident in Fig. 2(a).
The particles are agglomerated but are mostly spherical
similar to the as-synthesized nanoparticles. Introduction of
nitrogen into the helium plasma is expected to increase the
electron density, electron temperature, and the current density.
As shown in Fig. 2(b), the smaller particles undergo partial
physical deformation while the larger nanoparticles retain the
shape to a certain extent resulting in film formation with parti-
cles embedded on it. Figures 2(c) and 2(d) show the results
using Ar plasma; as the ion density and gas temperature are
higher in this case, the nanoparticles undergo physical defor-
mation resulting in uniform film formation. The melting point
of nanoparticles is significantly lower than that of the corre-
sponding bulk materials, a fact known as melting-point
depression. The nanoparticle ink used here has average parti-
cle size <30 nm and thus, partial melting of the nanoparticles
is witnessed. These fluidic nanospheres tend to aggregate after
reaching the substrate to reduce the surface energy forming a
thin film. The surface morphology of the film in this case
varied from porous to completely planar in this case.
Figures 2(e) and 2(f ) show the film deposited on silicon
and aluminum substrates, respectively, using a combination
of He, N2, and H2. The presence of highly reactive and
reducing gases (atomic hydrogen, for example) in the plasma
creates a highly porous structure. The formation of system-
atic pores as shown in Fig. 2(f ) is due to the reduced solubil-
ity of hydrogen at the solid liquid interface of the copper
film and also due to nitrogen. Both aluminum and copper
substrates exhibit porosity (copper substrate not shown here)
but the porosity is comparatively higher on the aluminum
film as shown in Fig. 2(f ). This variation in porosity can be
linked to the thermal conductivity of the substrates. The tem-
perature at the Al substrate would be much higher, resulting
in decreased solubility of hydrogen during the growth of the
film. Yamamura et al. related the pore formation in copper
films to the high hydrogen pressure.21
Figure 3 shows the cross-sectional SEM image of the
plasma-printed copper film (∼2 μm thickness) using helium–
nitrogen plasma. The adhesion of this film on the glass sub-
strate was checked using a peel off testing and no apparent
loss of material was observed. Figure 3 confirms that the
thickness of the copper film can be controlled using the
plasma process to obtain a dense network without having to
anneal at high temperatures. Thus, it is possible to control
the morphology, porosity, thickness, and surface roughness
FIG. 2. SEM images of plasma-printed nanoparticles using various plasmas on silicon substrate: (a) helium; (b) helium–nitrogen; (c) and (d) argon; (e) helium–
nitrogen–hydrogen showing two different patterns within the same region; and (f ) helium–nitrogen–hydrogen on aluminum substrate.
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of the particles/film by carefully controlling the gas mixtures,
plasma density, operating voltage, and the distance between
the electrode and the substrate.
X-ray absorption spectroscopy (XAS) was performed to
gain insight into the electronic state of the printed films.
XAS has been widely used to probe into the density of unoc-
cupied states of various materials. It is highly sensitive
toward changes in the electronic state or chemical environ-
ment of an atom.22 The estimated depth of electron yield for
metals is less than 5 nm, making it an extremely surface sen-
sitive technique. Copper exists in valence states of Cu2+ or
Cu1+ related to cupric and cuprous oxide. The electronic
configurations for the states Cu0, Cu1+, and Cu2+ are
(Ar)3d104s1, (Ar)3d104s0, and (Ar)3d94s0, where (Ar) denotes
the first 18 electrons with configuration same as argon (1s2,
2s2, 2p6, 3s2, 3p6). In our discussion here, we will refer to the
monovalent and divalent species as d10 and d9, respectively.
The electronic and structural properties of Cu-containing com-
pounds have been studied using both Cu K-edge and Cu
L-edge spectra with hard and soft x-rays, respectively.23,24 The
Cu K-edge has contribution from multiple final states (3d, 4p,
or 4s) at the absorption edge while the Cu L-edge consists of a
single final state (3d) and is easier to interpret.25 Moreover,
the Cu L-edge features are sensitive to the valence state of the
copper atom and consist of sharp spectral features arising from
dipole allowed 2p→ 3d transitions.26 Here, we studied the
Cu L2,3 XAS spectra for changes in its oxidation state. The L3
absorption feature is the outcome of the transition of a core
electron from Cu 2p3/2 to 3d
9 unoccupied orbital while the L2
edge is due to Cu 2p1/2 to 3d
9 transitions. Yang et al. reported
that the presence of a strong absorption peak at a photon
energy around 931 eV is due to L3 transitions of divalent
copper species.26 With the reduction of Cu2+ to Cu1+,
another peak emerges around 934 eV resulting from Cu
2p3/2→ 3d
104s transitions.27 Though the ground state is pre-
dominantly d10 configuration, there can be a coexistence of
d 9s as well in much smaller amounts.28
Figure 4 shows the overlaid XAS spectra of copper films
deposited using three different plasma conditions. The
printing process was carried out using argon and gas mix-
tures of argon/nitrogen as well as argon/hydrogen for reduc-
ing capability. All the spectra were normalized with respect
to d9 at 931.2 eV.27 The argon-printed sample shows a
single sharp feature of 2p→ 3d9 unoccupied orbital transi-
tion, indicating a strong presence of Cu2+ species. With the
introduction of nitrogen and hydrogen, the presence of
reduced states is evident from the plot. The intense d10
feature for Ar/H2 printed samples reflects the fact that the
presence of excited hydrogen species in the plasma reduces
in situ to copper nanoparticles. The XAS cross section for
d10 (2p→ 4s) transitions is considerably smaller (∼25 times)
than d9 (2p→ 3d) features. Hence, even a very small concen-
tration of Cu2+ species can result in an intense XAS peak.
So, it will not be a good approximation to correlate these
two peaks to the surface concentration of the valence states.
Also, the d10 peak is notably broader than d9 due to hybridi-
zation between the final states (3d and 4s orbitals). However,
FIG. 3. Cross-sectional SEM image of copper nanoparticle film deposited on
silicon substrate showing dense packing.
FIG. 4. (a) Cu L2,3-edge and O K-edge XAS spectra of printed copper films
in total electron yield mode. (b) Raman spectra of the printed copper films.
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the contribution of Cu0 cannot be neglected as well.29 These
XAS results thus confirm the ability to tailor the electronic
properties of copper nanoparticles in situ without the need
for any post-thermal processing. Regardless of the presence
of surface contaminants, the variation in absorption of
copper core level is evident for tuning of the oxidation state
of the plasma-printed copper film.
Figure 4(b) shows the Raman spectra of the plasma jet
printed samples mentioned above. The spectra for all the
three samples were calibrated with respect to the Si peak at
530.9 cm−1 (peak 3 in the figure). The argon-printed sample
shows the dominant presence of CuO phase characterized by
the peaks at 285, 335, and 620 cm−1.30 The peak at 285 cm−1
can be assigned to the Ag mode, while the other two peaks
correspond to the Bg phonon modes of the CuO crystal. But
the presence of the Cu2O phase in small proportions is
reflected by the weak peak around 218 cm−1. This is one of
the Raman forbidden modes for the Cu2O state, which
becomes active due to the breakdown of selection rules.31 Xu
et al. observed the Raman peaks becoming sharper with a
blue shift upon annealing CuO nanocrystals.30 They related
this phenomenon to the increase in the grain size of the nano-
particles. In comparison with the Ar-printed samples, the
other two samples showed an increase in the intensity of the
peak around 218 cm−1, with the most intense peak for the Ar
+ H printed sample. The blue shift for the A1g mode of CuO
may be due to the high temperature of the plasma, which
resulted in grain growth. The peaks around 109, 146, and 628
cm−1 along with the intense 218 cm−1 peak reflect the exis-
tence of copper in Cu+ oxidation state in bulk. The optically
active T2g phonon mode for Cu2O, meant to be present
around 517 cm−1, seems to be suppressed under the intense Si
peak.32 This Raman analysis of the printed thin films provides
a strong evidence of the stated in situ reduction process and
is in absolute agreement with the x-ray spectroscopic
measurements.
The current-voltage characteristics of the samples are
shown in Fig. 5, including those for the drop-casted copper
colloidal solution and also the deposited aerosolized nano-
particles (without turning on the plasma) both on silicon
wafer for the purpose of comparison. Both these samples
showed very low conductivity and their resistance values
were in the range of ∼100MΩ. The drop-casted sample
showed enhanced conductivity when post-treated with the
plasma jet for just 1 min, and the conductivity of this sample
was higher than a 4-h annealed sample, where the annealing
was carried out in a tube furnace at 500 °C in Ar/H2 atmo-
sphere. This is an indication of the advantage of the plasma
jet processing over the standard thermal techniques. The role
of plasma–surface interaction requires detailed studies to
gain insight into the actual phenomena though there are
several possibilities. The plasma exposure results in partial
melting of the nanoparticles creating electrical pathways and
hence improving the conductivity. The collision of the high-
energy electrons and ions with the nanoparticles may likely
create local hot spots; they may also partially reduce CuO to
metallic copper and the momentum may deform the nanopar-
ticles. Thus, the plasma can play a crucial role in defining
the electronic properties of the printed material in addition to
gas temperature. The presence of energetic ultraviolet radia-
tion at the effluent of the plasma jet cannot be neglected as
well.33 Hwang et al. reported that deep-UV sintering can
result in dense packing of the printed nanoparticles.34
When the same nanoparticle colloid was printed using
Ar/H2 plasma, it showed a significant rise in conductivity.
Although the resistance is of the order of 140Ω, the rise in
conductivity is indicative of the fact that the in situ process
can be used to create conductive patterns from rather insulat-
ing ink. When the printing process was extended with the
flow of nanoparticles being cut off, the printed samples
showed a drastic drop in resistance. The steep rise in conduc-
tance is shown in the inset of Fig. 5(b). Thus, exposing the
printed sample to the same plasma jet resulted in ∼20 times
decrease in resistance (7Ω). The increased concentration of
metallic copper and a highly connected network may be the
principle cause of this phenomenon. One may argue in favor
of using other (nonplasma) printing processes and then using
FIG. 5. I–V characteristics of the printed copper film (a) deposited by various
methods including plasma printing, drop-casting, and aerosol (b)
plasma-printed and plasma-reduced copper film.
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the plasma jet just for a post-treatment to obtain improved
conductivity; however, the formation of conductive intercon-
nects within the film will be hard to achieve otherwise.
Insets of Figs. 5(a) and 5(b) show the I–V curve and conduc-
tance of copper samples drop-casted and post-treated using
the plasma jet. It is evident that the conductance of the
plasma prints and post-treated samples are 80–100× higher
than that of the drop-casted and post-treated sample.
Although the conductance values are quite high for the
as-synthesized samples, these samples show a considerable
deterioration in conductance values over time. This is mainly
due to the surface oxidation of the copper nanoparticles
when exposed to the ambient.
IV. CONCLUSIONS
The increase in flexible electronics research and applica-
tions has attracted much interest in printing of copper nano-
particles and thin films. We have presented here for the first
time a direct write printing technology that can tune the elec-
tronic property of the printed material in situ. The I–V and
XAS measurements confirm the ability of the approach to
serve as an in situ reduction technology in direct write print-
ing and capability to tune the morphology. This system also
promotes adhesion to the substrate, uniformity in deposition,
and formation of densely packed nanoparticle structure.
Desired morphology and electronic structure can be achieved
by varying the gases in the plasma. The results affirm
plasma jet printing as a promising technology for manufac-
turing of next-generation printed electronics.
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